An in-depth study of the continuous cell line designated BGM is described herein, and recommendations are made for standardizing cell culture and viral assay procedures. Based on data gathered from a survey of 58 laboratories using this cell line, a research plan was developed that included the study of growth media, sera, NaHCO3 levels, culture bottles, cell concentration, overlay media, agar, virus infection conditions, and cell-dissociating agents. Additionally, a comparative virus isolation study with BGM cells and nine other cell types was conducted with 37 sewage samples collected from nine different geographic areas. The results of the study indicated that the BGM cell line is superior for virus isolation when compared with the other cell types and that certain media and additives tend to increase BGM cell sensitivity to a specific group of viruses. A standardized procedure for cultivation of BGM cells is described which provides a more effective enterovirus assay system.
In 1962 Almen L. Barron cloned a continuous line from African green monkey kidney cells which he designated BGM (Buffalo green monkey) (1) . Subsequent studies of the cell line in this laboratory revealed that it was far more sensitive to enteroviruses isolated from environmental samples than were primary rhesus or African green monkey kidney cells (8) . As a result of this 1974 publication, the BGM cell line was requested by numerous laboratories throughout the world. Although many of these laboratories confirmed the cell line's sensitivity, a number of reports indicated that all laboratories had not met with the same success. It was suspected that these inconsistencies resulted from different cell culture practices.
Consequently, 98 laboratories in 16 countries were queried about their procedures in cultivating the BGM cell line (10) . Responses were received from 58 laboratories indicating that there were sufficient differences in cell culture practices to assure marked disparities in virus recoveries. The comparative testing program described in this report was undertaken to maximize the BGM cell line sensitivity to enteric viruses in monitoring environmental samples.
MATERIALS AND METHODS
Viruses and viral assays. Strains of poliovirus 1 (Mahoney LP), echovirus 7 (Wallace), echovirus 11 (Gregory), echovirus 12 (Travis), echovirus 14 (Tow), echovirus 27 (SEC), coxsackievirus B2 (Taylor), coxsackievirus B5 (Faulkner), coxsackievirus A9 (CME456), and coxsackievirus A16 (natural sewage isolate) were assayed by the plaque method of Dahling et al. (8) ; reovirus 1 (Lang) was assayed by the method of Wallis et al. (36) ; and simian rotavirus SA-11 was monitored by the procedure of Smith et al. (33, 34) . In assaying for the rotavirus, each 100 ml of overlay medium was supplemented with 0.2 ml of a 1% DEAE-dextran solution and 2.0 ml of a stock pancreatin solution, prepared as previously described (8) . Fetal calf serum, MgCl2 and milk were deleted from the overlay but replaced with sterile distilled water. 6, 8 , and 10. Sera. Fetal calf, calf, newborn calf, and horse sera were tested in conjunction with cell sensitivity to viral infection and cell growth. They were tested in various forms, i.e., untreated, heat inactivated, dialyzed, gamma globulin free, and irradiated (see Table 4 ). A serum substitute from a nonfat dry milk filtrate, prepared as described elsewhere (13) , and a replacement serum, Zeta Sera produced by AMF Cuno, were also tested. The newborn calf serum was unavailable in dialyzed form, and the calf and horse sera were unavailable in irradiated form.
A culture of BGM cells was prepared and planted in samples of minimum essential medium (MEM)-L-15 medium; each sample contained one of the sera to be tested (with the exception of the milk filtrate). All sera and serum substitutes were added at a 10% concentration. Stock cultures were grown in 0.95-liter (32-oz) glass bottles planted at a density of 1 107 cells and passed weekly for 12 weeks to determine whether any sera failed to support adequate cell growth. Stock cultures could not be carried on the milk supplement beyond passage four; therefore test cultures for milk were prepared at the same time as the other test cultures. Cells cultured in irradiated newborn and fetal calf serum failed to replicate beyond passage levels 8 and 9, respectively, whereas those grown on GG-free newborn calf serum failed to replicate beyond passage 5. Test cultures were prepared at passages 3, 5, 9 , and 12 for all sera with the following exceptions: the fetal calf irradiated, newborn calf irradiated, and GG-free test cells were prepared only at passages 3 and 5 . All test cultures were challenged by the 11 test viruses and one sewage sample. The SA-11 rotavirus was not tested because it was unavailable at the time.
Sodium bicarbonate and cell concentration levels. Survey results (10) indicated that a wide range of bicarbonate levels and cell concentration levels were utilized by the laboratories. For this current study the lowest and highest levels were selected and filled in between with those other levels most often used. Bicarbonate levels tested are listed in Table  5 , and Table 6 lists the range of cell concentrations tested in the 0.18-liter culture bottles.
Overlay media and agars. Survey results (10) indicated that 11 different media and 12 different agars were being used for overlay purposes (see Tables 7 and 8 ). With the overlay method for routine plaque assays (8) Table 9 ). The plastic type culture vessels tested were as follows: Costar 150-cm2 flask (no. 3150) and 25-cm2 250-ml Wheaton Spinner flasks by using MEM-L-15 growth medium. The bead concentration used was as specified by manufacturer (14, (16) (17) (18) . Test cultures were prepared as above in 0.18-liter glass bottles.
Trypsin. Six different trypsin solutions (see Table 10 ) were tested for their ability to disperse cell monolayers and for any possible effect on cell sensitivity to infection. Five commercial trypsin preparations tested included the following: VMF trypsin and lyophilized trypsin (Millipore Corp.) prepared following the manufacturer's directions, with the exception that the final dilution for both was changed from 1:100 to 1:50; Enzar trypsin (Reheis) prepared and used as suggested by the manufacturer; trypsin lx solution and 10x EDTA trypsin (K.C. Biological) with the 1Ox preparation used at a final dilution of 1:5 instead of the 1:10 recommended by the manufacturer. The sixth trypsin preparation (trypsin-EDTA) was formulated in this laboratory (0.8% NaCl, 0.02% KCl, 0.02% KH2PO4, 0.115% Na2HPO4 7H2O, 0.5% glucose, 0.125% EDTA sodium salt, and 0.3% trypsin; Difco; 1:250 Oifr-i,n-ci 'ICi 00 0 ao) NON-(7 Statistical evaluation. Comparative Tables 3 through 11  and Table 13 Tables 3 and 4, 7 to 11, and 14 and 15 were compared within themselves by the paired t test at the 95% confidence limit, whereas the data in Tables 5 and 6 were compared by a repeated-measures analysis of variance and the Duncan multiple-range test (35) . These in turn were used to prepare Fig. 2 through 5. The data in Table 12 were compared by a repeated-measures analysis of variance and linear regression analysis, for which Fig. 6 was prepared. These analyses followed standard checks for normality and homogeneity of variance.
RESULTS
Growth media. Table 2 lists the average cell increase obtained with the 48 growth media tested. Comparing cell counts at the time of planting to those when cells were trypsinized yielded a cell multiplicity that ranged from a low of 1.1 for medium NCTC-135 to a high of 4.7 for medium Swim S-77. Thirteen of the media failed to support sufficient cell growth in roller bottles and were only used for stationary culture. These can be identified in Table 2 as they have no mark in the roller-bottle column. Sera and serum substitutes. Table 4 lists the 17 sera and two serum substitutes tested. As previously mentioned, during 12 weeks of cultivation, cells grown on irradiated newborn calf and irradiated fetal calf sera as well as on GG-free newborn calf serum failed to replicate continuously throughout the test period. Therefore, these sera would be considered unsuitable for routine passage of the BGM cell line. Based on comparison by the paired t test, no difference could be shown between the first eight sera; however, the GG-free and irradiated newborn calf sera failed to support continuous cell growth.
Dialyzed fetal calf serum was considered the serum of choice, based on average mean titers and its ranking, either first or second in 7 of 12 virus titrations. The cost of the dialyzed fetal calf serum would undoubtedly be prohibitive for most laboratories, in which case we would consider the gamma globulin-free calf serum to be the next best alternative. It is only slightly higher in cost than heat-inactivated newborn calf serum or newborn calf serum, which fall just below the top eight recommended sera. The Zeta Sera serum substitute and the milk filtrate preparation fell well below the top-rated group; the milk filtrate also failed to sustain stock cell growth beyond four passages.
Effect of NaHCO3 concentration. Table 5 lists the effect of NaHCO3 concentrations on virus sensitivity of BGM cells infected when cultures were 3 to 7 days old. Titers of known viruses generally decreased with cell age for poliovirus and echovirus, and the decline became statistically significant at 6 days (Fig. 2) . With natural isolates from sewage, no trend in virus counts was observed with increasing cell culture age beyond 4 days. Therefore, the use of 3-to 4- These programs also showed that recovery of known viruses from cultures grown in media containing NaHCO3 at 667 mg/liter was not significantly different than at the other concentrations tested (Fig. 3) , but ranked higher in four of five cell ages. Based on this information, plus the number one ranking on 4 of 5 days with sewage samples, the 667-mg/liter concentration is recommended as well as use of the cultures before day 6. The data on the 200-mg/liter concentration of NaHCO3 were not tested statistically because the cells turned acid quickly and lysed by day 6 due to the low buffering capacity at this concentration.
Cell concentration. The cell densities tested ranged from 1.9 x 106 to 13.1 x 106 cells per 0.18-liter glass bottle, and (Table 6 ) densities of 4.3 x 106 and above generally yielded the highest virus recoveries in isolates from sewage (Fig. 4) . As with the NaHCO3 data, the analysis of variance statistical program and the Duncan multiple-range test were applied to this data. The poliovirus and echovirus isolation recovery showed no trends with cell densities.
The effect of cell culture age on virus recovery was also studied. No significant pattern emerged with age and cell concentration (Fig. 5) as did with the NaHCO3 data.
Overlay media and agar. compared with the BME Earle salts overlay (ranked first without HEPES) it also yielded higher titers in 9 of the 12 agents tested. Culture vessels and microcarriers. Table 9 lists the results of tests conducted to determine on which type of bottle BGM cells should be grown to obtain maximum sensitivity when these cells are subsequently planted and assayed on comparable test flasks. Based on the paired t test, no difference could be shown between the first eight culture vessels listed in Table 9 ; however, those ranked below the eighth vessel (Brockway 0.95-liter glass bottles) showed a significant difference. Most of the vessels used for stationary culture growth were in this lower category, with the excep- formulation (Table 10) virus sensitivity, which was twice that of the second-ranked cell line and over 400 times that of the last-ranked cell line. Also, the BGM cell line had higher plaque counts in 26 of the 37 samples tested and showed no effects of toxicity due to inoculum as did other cell lines with some of the samples.
(Also, the paired t test showed the BGM cell line to be significantly better than all others.) Identification of confirmed plaques is given in Table 15 . Isolates from the MDBK line were not included, but were subsequently tested by the immunofluorescence procedure (29) ; all were identified as reovirus types. Excluding the reoviruses, a total of 30 different viruses were isolated from the 37 sewage samples.
The initial inoculation of sewage sample number 2 onto BGM cells yielded only coxsackievirus B3, whereas viruses isolated from the L-132 cells were 88% echovirus types 5, 11, and 17, and 12% coxsackievirus B3. However, when a like sample of sewage inoculum from sample number 2 was pretreated with coxsackievirus B3 antiserum and then inoculated onto BGM cells, 39% of the isolates were found to be other coxsackievirus B types, whereas the remaining 61% were echovirus types 4, 5, 7, 11, 13, 15, 17, 24, and 25.
DISCUSSION
The development of an improved procedure for growth of BGM cells and the subsequent viral assay will do much to increase the precision of data acquired with this cell line.
The need for standardization in culturing techniques was pointed out in the survey (10) of known users of the BGM cell line and by participants in a recent round-rob;n study (21) . Based on information from the survey, nine factors affecting cell growth and virus assays wete studied by comparing BGM cells with nine other cell lines. This study was conducted with the monolayer plaque system; consequently the use of some of these conditions may not be optimum for BGM cells in a suspended cell culture system. Thirty-one percent (18 of 58) of the laboratories responding to the survey used the combination medium MEM-L-15, which ranked first in this study. The MEM medium, used by 34% (20 of 58) of the responding laboratories, only ranked 35th in this study, whereas 57% (33 of 58) of those responding used media for cell growth which ranked eighth or lower. GG-free newborn calf serum ranked first of the 19 sera and serum substitutes tested; however, it was incapable of sustaining prolonged cell passage. Therefore, the secondranked dialyzed fetal calf serum is recommended for the preparation of BGM stock cultures. Test cultures prepared for monitoring of viruses from environmental samples should be prepared with dialyzed fetal calf or GG-free newborn calf serum since these cultures will not be further passed. The same serum should also be used in the overlay medium when required. For test cultures prepared for everyday laboratory work with seeded samples used in methods development work or nonmonitoring sampling, GG-free calf serum would be a suitable substitute and would be less costly. The survey also indicated that the NaHCO3 concentration varied more than any other factor among laboratories. In all, 15 different concentrations were reported, ranging from 200 to 3,000 mg/liter. Seven bicarbonatc concentrations were selected for testing; the 667-mg/liter concentration ranked first overall and first on 4 of 5 days with virus isolates from sewage samples ( Fig. 2 and 3 ; Table 5 ).
The effect of cell culture age and, to a lesser extent, cell concentration was somewhat more noticeable. Peak sensitivities were achieved at a cell concentation of 1.4 x 105 cells per cm2 of surface area and with cell cultures 4 to 5 days old. Three-day-old cultures showed good sensitivity to polioviruses and echoviruses but not to sewage samples. This may be related to the presence of other substances such as heavy metals and humic acids that inhibit initial virus growth or reduce cell sensitivity in the younger cell cultures.
The age at which cell cultures were used for virus assay could not be ascertained from the survey (10). However, if assays were conducted with cultures 3 to 5 days old, in which there was provided a 667-mg/liter concentration of NaHCO3 and a planting of 1.4 x 105 cells per cm2 of surface area, improved virus isolations and uniform results among laboratories would be obtained.
The additipn of HEPES buffer did not significantly increase viral titers between individual overlay media; however, significantly higher counts (P = 0.95) were observed with sewage samples containing HEPES buffer as opposed to those without it. The general increase in virus titers with the use of HEPES buffer is no doubt caused by the better control of oxygen tension and subsequently pH In the media, which others have shown to be critical (7, 12, 28 easiest to handle and work with. Roller bottles are easy to use and generally require fewer bottles and less medium; however, the basic equipment is expensive. In addition, cultures in roller bottles must be subcultured weekly, whereas those grown in stationary culture may be carried longer between passages if necessary. The only other consideration would be cost; however, this changes often so cost comparison is not practical, although at this time the cost of glass bottles is about half that of comparable plastic bottles. The data in Table 9 do indicate that growing stock cells in glass or plastic with subsequent subculture of test cells into the opposite type of container (glass to plastic, plastic to glass) results in lower virus recoveries, although the loss is not statistically significant. Of the microcarriers tested, all ranked low and not only had lower virus titers, but also had lower weekly cell increases. They were difficult to work with compared with roller bottles or stationary flasks, and the cells could not be removed easily and entirely from them.
The survey also indicated that most investigators used trypsin or a mixture of trypsin-EDTA to free cells from culture vessels (10) . In this study, no significant difference between the six different trypsin preparations tested was observed. The contact time between cells and trypsin may affect sensitivity, but this was not investigated.
Before inoculation of cell cultures with virus, washing the cells with Earle basic salt solution without serum is recommended. This serves several purposes. It removes cellular debris, conditions cells to a more stable physiological state, and removes serum and other protein materials which interfere with plaque production.
Once cell cultures have been inoculated with virus they must be incubated before overlay to allow infection to take place. Study data showed that virus recovery increased with exposure time throughout the period examined (120 min). Forty-three percent (25 of 58) of the survey respondents (10) allowed 60 min for infection, whereas 21% (12 of 58) used 45 min or less. Sixty-four percent (37 of 58) of the respondents could significantly increase their virus recovery (17% for poliovirus, 6% for echovirus, 15% for coxsackievirus) by allowing the infection process to take place for at least 80 min. Increases in counts obtained with longer exposure periods were slight and were not statistically significant.
The final phase of this study involved comparing the sensitivity of the optimized BGM method to that of various cell lines (whose cultivation was previously reported [ Table  11 but may not be totally optimized) to known viruses and naturally occurring viruses in 37 sewage samples. Data show that the BGM cell line was superior by a 2:1 margin over the next best cell line. Of the 37 sewage samples tested, 65% showed a predominance of coxsackievirus type B with the BGM line. This is not in accord with isolation patterns described elsewhere (26, 32) and is thought by some to be a > characteristic of the BGM cell line (22, 31) . However, it may to a large degree be more related to the type of infection dominant in the community at the time the samples were collected. As reported by the Centers for Disease Control (6) , type B coxsackieviruses have been endemic in the United States over the past 10 years, which could account for the large numbers of these viruses that are consistently isolated. Additionally, reoviruses were detected in one-third of the samples, which is similar to that reported elsewhere (32) . All reovirus isolations were made on the MDBK cell > line, which, as previously reported (29) , was best for isolation of this virus. This shows the potential of this cell line as 11  113  52  73  9  2  35  30  25  0  9  La  64  0  82  2  28  0  67  0  23  L  5  0  0  0  1  0  3  0  27  0  18  13  37  7  49  0  7  0  0  0  31  0  34  0  17  0  12  0   59   0  37  0  14  146  15  16  6  0  19  5  3  2  0  0  2  4  3  0  21  0  22  0  847  413  279  24  274  24  3  0  2  0  99 Ohio  11  10  0  11  2  3  2  0  Harrison, Ohio  322  301  172  116  77  57  31  2  117  106  65  106  74  42  25  2  109  95  37  86  55  38  19  2  2  7  5  6  3  1  0  0  6  4  23  14  16  3  6  0  95  96  65  87  78  93  76  100 a Lysed cell sheet due to sample. 
